H-5-HT injected into the cortex is retrogradely trans-1994). ported to thalamic neurons. In situ hybridization shows
Based on observations in MAOA knockout mice that showed the transient presence of 5-HT immunoreactiva transient expression of the genes encoding the seroity in thalamic neurons (O. C., P. G., and I. S., unpubtonin transporter and the vesicular monoamine translished data), we reconsidered the source and nature of porter in thalamic sensory neurons. In these glutathe transient dense 5-HT innervation during postnatal matergic neurons, internalized 5-HT might thus be development in normal mice and rats. We present here stored and used as a "borrowed transmitter" for extraevidence to support the view that this early transient neuronal signaling or could exert an intraneuronal con-5-HT innervation reflects in fact an uptake of 5-HT by trol on thalamic maturation. thalamic axons and terminals and not a local biosynthesis in authentic serotonergic fibers. Indeed, in both rats Introduction and mice, 5-HT can be taken up in a much wider population of fibers in the cortex and thalamus of pups than Serotonin (5-HT) has been repeatedly implicated in dein adults and is retrogradely transported from cortical velopment, affecting functions as diverse as cell divifibers to thalamic perikarya only in pups. Pharmacologision, differentiation, migration, growth, and synaptogencal manipulations with specific uptake blockers indicate esis (Buznikov and Shmukler, 1981; Lauder, 1993) . In the that this corresponds to high affinity uptake sites with rodent cerebral cortex, 5-HT has recently been shown to the specificity profile of the serotonin transporter. This play a role in the development of the primary somatosenis confirmed by the finding that the gene encoding the sory map. Thus, in monoamine oxidase A (MAOA) knockserotonin transporter (SERT) is transiently expressed in out mice, excessive amounts of 5-HT in the brain during the specific sensory relay nuclei of the thalamus. Morethe critical period of development disrupt the formation over, parallel expression of the gene encoding the vesicof the mouse barrelfield by impeding the normal patular monoamine transporter (VMAT2) in the thalamic terning of thalamocortical axons and cortical cells neurons suggests that 5-HT, which is thus ectopically (Cases et al., 1995 (Cases et al., , 1996 . Conversely, early depletion taken up, is stored in synaptic vesicles. of 5-HT by pharmacological treatment delays the normal development of the barrelfield (Blue et al., 1991; OsterResults held-Haas and Hornung, 1996) , prolongs the plastic period (Osterheld-Haas et al., 1994) , and reduces the size Transient 5-HT Immunoreactivity of cortical barrels reflecting a decreased growth of thalain Thalamocortical Neurons mic terminal arbors (Bennett-Clarke et al., 1994b , 1995 .
In agreement with observations made previously in rats (D'Amato et al., 1987a; Rhoades et al., 1990 ; Dori et These observations suggest that 5-HT could regulate microscopy. In layer IV of the sensory cortices, these "transient" 5-HT-labeled fibers then appear to form a very dense network of highly branched fibers. These transient 5-HT fibers are either rectilinear or thinly varicose, and completely surround unlabeled cortical perikarya in layer IV ( Figure 1B) .
Additional 5-HT immunostaining that had not been described in previous reports was apparent in our preparations comprising the thalamus. These features were best observed when the degradation of 5-HT was diminished, such as occurs in MAOA-deficient mice (O. C., P. G., and I. S., unpublished data). The following description will only concern, however, normal mice acutely treated with clorgyline ( Figure 1 ; see Figures 3 and 4) or normal untreated mice (Figure 2 ; see Figure 5C ). In the latter, the additional features described below were clearly visible only in optimal conditions of perfusionfixation and immunocytochemical detection of 5-HT, possibly because of low levels of the amine in these structures. From the day of birth (P0) until P10, intense 5-HT immunoreactivity was observed in the reticular thalamic nucleus (see Figure 1C ) and in sensory relay nuclei of the thalamus: the dorsal lateral geniculate nu- Figure 1C ). In contrast, the dLGN, VB, and MGN con-(A) and (B) In the cortex, both intensely fluorescent varicose fibers tained both 5-HT-labeled perikarya and moderate 5-HT (arrows) and fibers with a low level of fluorescence (arrowheads) are visible, the latter being most abundant in layer IV of the sensory immunostaining in the neuropil (see Figures 1C and 1D ).
cortices.
The relative staining intensity of these thalamic nuclei (A) On a low power view of the primary somatosensory cortex, varied with age: the VB was more intensely stained than 5-HT labeling outlines the center of a barrel (arrowheads).
the dLGN from P0 to P3 (data not shown), whereas the (B) Higher power view in layer IV displays intensely fluorescent fibers dLGN neurons were more intensely labeled than the VB with small varicosities (filled arrows) or large varicosities (open neurons from P7 to P10 ( Figure 2C ; see Figure 5C ). arrow) and weakly stained 5-HT immunoreactive fibers (arrowheads) Furthermore, 5-HT-labeled fiber tracts emerged from that surround unlabeled cell bodies. (C) and (D) In the thalamus, 5-HT is present in cell bodies and fibers. the lateral side of the ventral thalamus, coursed within (C) Low power view of the thalamus shows the high density of the internal capsule, and from there, fanned out in bun-5-HT-labeled perikarya in the visual (dlgn) and the somatosensory dles that traversed the striatum and entered the subcor-(vb) thalamic nuclei, and dense neuropil labeling in the reticular tical white matter (Figure 2A ; Figure 3A ). These 5-HTthalamic nucleus (rt). To determine the specificity of this labeling, we compared immunostaining with four different antibodies to al., 1996) and mice (Fujimiya et al., 1986) , we observed 5-HT. The pattern of immunostaining was similar for transient patterns of 5-HT labeling in the primary soeach antibody; however; the monoclonal antibody promatosensory (S1), the visual (V1), and the auditory (A1) duced the least background staining. Adsorption of this cortices of mouse pups between birth and postnatal antibody with 5-HT (50 M) eliminated staining in all day 10 (P10). As shown in Figures 1A and 1B , in P7-structures, whereas adsorption with tryptophan or with old pups 5-HT-immunoreactive fibers fell into two main the principal metabolite of 5-HT, 5-hydroxy indol acetic categories: first, an "adult type" of 5-HT fibers, which acid (5-HIAA), did not. are intensely labeled and form well delimited varicose
We compared 5-HT staining with anterograde tracing fibers (mainly fine varicose fibers, but also a few coarse of thalamocortical or raphe-cortical axonal tracts. When varicose fibers); and second, a "transient type" of 5-HT carbocyanin crystals were placed in the thalamus or fibers that are much more weakly labeled. The latter are dextran-biotin was injected into the VB, anterogradely densely clustered in layer IV of the sensory cortices labeled thalamocortical fibers had trajectories matching and appear as a dense cloud of punctate varicosities.
those of the transient 5-HT-labeled fiber tracts that However, when the degradation of 5-HT is inhibited by course in the internal capsule and through the striatum. administering the MAOA inhibitor clorgyline (10 mg kg
Ϫ1
In cases with small dextran-biotin injections in the VB, subcutaneously), the level of 5-HT increases in individual we obtained fluorescent double-labeling of thalamocortical axons with 5-HT immunocytochemistry. Despite a fibers and they can be clearly resolved with confocal In untreated mouse pups also, 5-HT immunoreactivity labels the dorsal lateral geniculate nucleus (dlgn) (C), the ventrobasal nucleus (vb) (C and D), as well as fiber tracts in the internal capsule that arise from the lateral side of the thalamus (A). lower sensitivity of the immunocytochemical detection placed in the pons of P3 mice and prolonged incubation periods were carried out (up to 15 months), only a few in these conditions, thalamocortical fibers containing 5-HT could be identified in fiber tracts coursing through anterogradely labeled fibers entered the developing cortex; their varicose aspect resembled that of the "adult the striatum (Figures 3A-3C ) and in terminal axons in layer IV of the cerebral cortex ( Figures 3D, 3E , and 3F). In type" and not the "transient type" of 5-HT fibers (data not shown). contrast, when crystals of carbocyanin or dextran-biotin injections were placed in the raphe, anterogradely laTo determine further the origin of the transient patterns of 5-HT labeling, electrolytic lesions of the thalabeled fiber tracts were observed in the medial forebrain bundle and the external capsule, but not in the internal mus were made in P3 and in P6 mouse pups, sacrificed at P7 and P8, respectively. For each group, four cases capsule. Even when large crystals of carbocyanin were originating from the raphe, ascend to the forebrain. As expected, this antibody provided a clear immunostaining of the raphe serotonergic cell bodies (see Figure  2F ). However, no neuronal perikarya were TPOH-immunolabeled in the thalamus (see Figure 2E) , and the 5-HT-positive fiber tracts in the internal capsule contained no detectable TPOH (data not shown). In the cerebral cortex of P7 pups, a loose network of varicose TPOH-labeled fibers was equidensely distributed across the different cortical areas and layers (data not shown).
If 5-HT is not synthesized by the thalamocortical neurons, it could be selectively taken up and concentrated in these neurons. To test this possibility, we acutely administered different selective blockers of monoamine uptake to P7 mouse pups and examined 5-HT labeling 6 hr later. It is known that such acute treatments neither inhibit 5-HT synthesis nor cause lesions to the 5-HT fibers that originate from the raphe nuclei, since intracellular levels of 5-HT are conserved (Fuller et al., 1988) . At 6 hr after a single injection of paroxetine (10 mg kg Ϫ1 subcutaneously) or fluoxetine (10 mg kg Ϫ1 subcutaneously), two selective blockers of 5-HT uptake, 5-HT labeling in the sensory thalamic nuclei, the dLGN, VB (compare Figure 5C with 5D), and MGN had completely disappeared. The thalamic fiber tracts in the internal the time course of 5-HT disappearance to be in the order of 2-3 hr.
Inhibition of noradrenaline and dopamine uptake with could be selected with lesions placed in the VB, exnomifensine (10 mg kg Ϫ1 subcutaneously) or of dopatending to the dLGN ( Figure 4C ). In all cases sacrificed mine uptake with GBR12783 (10 mg kg Ϫ1 subcutane-4 days after the lesion and in three out of the four cases ously) did not modify the pattern or intensity of 5-HT sacrificed 2 days after the lesion, we observed a loss labeling (data not shown). On the other hand, after of the 5-HT-labeled fiber tracts in the internal capsule blocking the vesicular monoamine transport with reserand of the dense 5-HT labeling of layer IV in the barpine (5 mg kg Ϫ1 subcutaneously, 18 hr before sacrifice), relfield ( Figure 4 ) and in the visual cortex. In contrast, all 5-HT-labeled fibers had disappeared in the brain, and the "adult type" of 5-HT-labeled axons were unaffected only perikarya in the raphe nuclei remained labeled. by the thalamic lesions ( Figure 4A ).
Taken together, these results suggest that during the Thus, during a short period of postnatal development, first postnatal week, 5-HT-labeled fibers and terminals the sensory thalamocortical neurons contain detectable in the cerebral cortex and thalamus of mice reflect the levels of 5-HT immunoreactivity. This immunoreactivity existence of two different neuronal populations: one, is visible all along the trajectory of the neurons, in the originating from the neurons of the raphe nuclei thalamic perikarya, in the efferent axonal tracts, and in (Steinbusch, 1984; Bennett-Clarke et al., 1991 ; Wallace terminal axons within the nucleus reticularis and the and Lauder, 1992), provides fibers that are capable of sensory cortices.
synthesizing 5-HT, whereas the other, originating from the sensory thalamic nuclei, has only the capacity to Presence of 5-HT in Thalamocortical Neurons take up 5-HT. In some areas, such as layer IV of the Is Due to Uptake and Not Synthesis sensory cortices, the latter category of fibers clearly To determine whether these 5-HT-labeled neurons are outnumbers the former. capable of synthesizing 5-HT, we examined the distribution of the 5-HT biosynthetic enzyme, tryptophan hydroxylase (TPOH) in P7 mouse pups, using an affinityHigh Affinity 5-HT Uptake Sites in Cortex and Thalamus: Different Density and purified antibody (Darmon et al., 1988) . Comparison of alternate sections immunolabeled with 5-HT and TPOH
Distribution in Pups and Adults
We carried out ex vivo uptake experiments using 1988; Doucet et al., 1988) to study the pharmacological upper layer V, and layer VI ( Figure 6F ), and displayed little variation between areas. In thalamic slices of characteristics and topographical distribution of the 5-HT uptake sites in pups and compare them with those mouse pups, dense 3 H-5-HT labeling was seen in the reticular thalamic nucleus, and more moderate uptake existing in adults.
Vibratome slices of the cortex and of the thalamus was observed over the VB and dLGN (Figures 6A and 6C) . Individual perikarya accumulating whereas nomifensine (5 ϫ 10 Ϫ6 M) or GBR12783 (5 ϫ
In the reticular thalamic nucleus, radioactivity was not observed over neuronal perikarya, but accumulated 10 Ϫ6 M), used as inhibitors of noradrenaline and dopamine uptake, did not alter the pattern or intensity of over the neuropil, forming axon-like patterns ( Figure 7C ). Uptake and transport of 5-HT was not modified in mouse 3 H-5-HT uptake (data not shown). Also, reserpine (5 ϫ 10 Ϫ6 M) did not prevent the visualization of 5-HT uptake, pups pretreated with reserpine (5 mg kg Ϫ1 subcutaneously), indicating that this transport is independent of indicating that in our in vitro conditions, where 5-HT degradation is prevented, exogenous 5-HT may readily vesicular storage, and may occur, in conditions of MAO inhibition, in the cytoplasmic compartment of the neuaccumulate in the cytoplasmic compartment of the neurons.
rons. In adults, 3 H-5-HT injections in the cortex led only to very limited local intracortical transport, and no labelSince 5-HT1B receptors are expressed on thalamocortical axons, and could be thought to mediate 5-HT intering was observed in the thalamus or in thalamic fibers (data not shown). nalization by vesicular endocytosis, as shown for instance for the peptide neurotensin (Faure et al., 1995) , Thus, in mouse and rat pups, 5-HT that is taken up in cortical fibers undergoes a very rapid and efficient we investigated the effects of pindolol, a 5-HT1 antagonist. At 5 ϫ 10 Ϫ6 M, this compound did not modify the retrograde transport to the thalamic cell bodies. 3 H-5-HT uptake in the thalamic fibers.
These experiments show that in P7 pups, the thalamoExpression of the Genes Encoding the Serotonin Transporter and the Vesicular Monoamine cortical axons and their terminals in the reticular thalamic nucleus and the sensory cortices, previously identiTransporter in the Thalamus 5-HT is taken up by a plasma membrane serotonin transfied by their 5-HT labeling and their lack of TPOH immunoreactivity, display high affinity uptake sites porter, SERT, that belongs to the large family of Na ϩ and Cl Ϫ coupled transporters (Blakely et al., 1991; Hofffor 5-HT. man et al., 1991) . In presynaptic serotonergic terminals, 5-HT is further stored in synaptic vesicles by a vesicular Transport of 5-HT from the Cortex to the Thalamus in Pups membrane transporter that has a broad substrate specificity for amines, including 5-HT, catecholamines (dopaBecause only scarce 5-HT uptake was observed directly at the level of the thalamic perikarya in brain slices, mine, noradrenaline, adrenaline), and histamine (reviewed by Henry and Scherman, 1989 ; reviewed by contrasting with the endogenous 5-HT content of these perikarya, it could be suggested that the amine is retro- Rudnick and Clark, 1993) . Although two genes of the VMAT have been identified, only VMAT2 is expressed gradely transported from cortical axon terminals to the cell bodies. To test this possibility, we injected 3 H-5-in the brain (Erickson et al., 1992; Liu et al., 1992; Peter et al.,1995) . HT in the cortex of P7 pups (both rats and mice) and sacrificed the animals 1-5 hr later. Autoradiographic
The expression of the genes encoding SERT and VMAT2 was analyzed in P0-P21 and adult mice, by in analysis of the serially sectioned brains showed that 3 H-5-HT had been taken up in fibers close to the injection situ hybridization using sense and antisense 35 S-labeled riboprobes. With a SERT antisense probe, a strong hysite ( Figure 7A ) and transported in the thalamocortical fiber tracts. Transport along this pathway was detected bridization signal was detected in the serotonergic brainstem raphe complex both in pups ( Figure 8A ) and as early as 1 hr after the injection ( Figure 7B ) and accumulation of 3 H-5-HT in thalamic neurons, as soon as 3 in adults (data not shown). In mouse pups (from P0 to P14), contrary to adults, an additional expression of hr after the cortical injection in rat pups ( Figures 7C and  7D ) and 2 hr in mouse pups. Silver grain accumulations SERT gene was observed in the dLGN, the VB ( Figure  8B ), and the MGN. As estimated in Nissl-counterstained were observed over neuronal perikarya in thalamic regions that appeared to match the site of the cortical sections, 70%-80% of the neurons of the dLGN and VB appeared to express SERT mRNA. injection. Indeed, rostral injection sites, aimed at S1, labeled neurons mainly in the VB, whereas caudal injecAs previously reported (Erikson et al., 1992; Liu et al., 1992), expression of the gene encoding VMAT2 was tions, aimed at V1, labeled neurons mainly in the dLGN. Figures 8D and 8F ) in pups (from P0 to P14), but not in adults ( Figure 8E ). Higher magnification showed, as for the SERT mRNA, that VMAT2 mRNA was expressed in 70%-80% of the neurons of these three thalamic nuclei (Figure 8G ), suggesting that these two genes are most probably expressed in the same neurons. With both antisense probes, accumulation of silver grains appeared to overlie neuronal profiles ( Figure 8G ). With the SERT and VMAT2 sense probes, no hybridization signal was detected (data not shown).
VB (
In P7 rat pups, we verified that there was a similar transient expression of the genes encoding SERT and VMAT2 in the sensory thalamic nuclei (data not shown).
Thus, transient 5-HT uptake in rodent sensory thalamocortical neurons is due to the expression of the gene encoding SERT in thalamic neurons during the first postnatal week of life. Furthermore, expression of the gene encoding VMAT2 in the same thalamic nuclei, and most likely in the same neurons, suggests that 5-HT could be stored in synaptic vesicles.
Discussion
This study demonstrates that during postnatal development of rats and mice, selective uptake of 5-HT occurs in thalamocortical neurons of the three main sensory thalamic nuclei. These neurons, which do not synthesize 5-HT, are shown to transiently express the genes encoding the serotonin transporter and the vesicular monoamine transporter, suggesting that they could store the amine in synaptic vesicles. We propose that this 5-HT uptake into thalamocortical fibers is responsible for the transient 5-HT innervation patterns found in the developing rodent sensory cortices. immunoreactive structures" (Fujimiya et al., 1986) "a very fine dust that is difficult to resolve into individual labeled fibers" (Bennett-Clarke et al., 1991) . The difficulty in individualizing these fibers could be explained observed in the dopaminergic, noradrenergic, and serotonergic cell groups. Thus, with a VMAT2 antisense by the fact that they only take up, but do not synthesize the amine and contain lower levels of 5-HT than the probe, the substantia nigra ( Figure 8C ), the ventral tegmental area, the locus coeruleus, and the raphe nuclei serotonergic fibers originating in the raphe. The rapid disappearance of the dense 5-HT labeling were labeled both in pups and in adults. Similar to the expression of the SERT gene, VMAT2 gene expression in layers IV and VI over a period of 2-3 days had not been satisfactorily explained in previous accounts. It was also detected in the MGN (Figure 8C ), dLGN, and was proposed that 5-HT fibers became diluted during fibers both in the cortex and in the reticular thalamic nucleus. cortical growth or that axonal collaterals degenerated (D'Amato et al., 1987a) , but this could not account for Transient 5-HT hyperinnervation patterns have been described in other systems in the developing CNS. For the rapid rate at which the large excess of 5-HT fibers in pups disappears (Dori et al., 1996 ; present observainstance, the chick spinal cord contains an abundance of fine 5-HT-positive terminal boutons during the first tions). Furthermore, ultrastructural studies of monoaminergic (Kristt, 1979) or serotonergic terminals (Dori et week after hatching that disappear rapidly during the second week to give way to the adult pattern of 5-HT al., 1996) in the somatosensory cortex indicated the existence of a sharp drop in the number of labeled bouinnervation (Kojima et al., 1988) . It is possible that, similar to the rodent cortex, this transient 5-HT innervation tons that formed asymmetrical synapses during the second postnatal week. These findings can be more easily could reflect 5-HT uptake. This would call for a more accurate definition of what a 5-HT phenotype is in develexplained in the present scheme by a reduction of the 5-HT uptake and vesicular storage capacity of the thalaoping neurons. In contrast with adults, where there is a close correlation between the expression of the biosynmocortical neurons. Indeed, the genes encoding SERT and VMAT2 are no longer expressed in thalamic neurons thetic enzyme, the expression of the high affinity 5-HT transporter, and the presence of the amine (Cohen et of mice at P14, at a time when the dense 5-HT-labeled innervation has disappeared. al., 1995; Qian et al., 1995) , a dissociation of these phenotypic traits appears to exist during development. Finally, the transient uptake of 5-HT in the rodent thalamocortical terminal arbors allows a straightforward understanding of the tight relationship that has preTransient 5-HT Uptake and Vesicular Aminergic viously been demonstrated between the transient dense Uptake into Glutamatergic Neurons 5-HT innervation and the thalamocortical innervation during Development during development (Rhoades et al., 1990; In the adult CNS, 5-HT uptake sites are generally thought 1991). Based on a convergence of anatomical apto be exclusively present in serotonergic neurons (D'Aproaches, it was previously proposed that all the 5-HT mato et al., 1987b), which have a restricted location in innervation arises from the raphe nuclei and that, in layer the brainstem raphe nuclei and whose axons provide a IV of the sensory cortices, the thalamocortical axons widespread innervation to the entire brain (Steinbusch, "spatially constrained" the initially diffuse 5-HT raphe-1984). In forebrain structures such as the cortex or the cortical axons (Bennett-Clarke et al., 1991 , 1994a . The thalamus, selective 5-HT uptake has therefore been conauthors of these studies considered the possibility that sidered to reflect the presence of axonal terminals origi-5-HT labeling was due to uptake in thalamic neurons nating in the raphe (Doucet et al., 1988) . The recent but rejected this hypothesis because, in rat pups, they cloning of SERT has confirmed this notion, since SERT observed no changes of the 5-HT cortical patterns mRNA is found only in serotonergic neurons of the raphe 2 days after an electrolytic lesion of the thalamus complex (Blakely et al., 1991; Hoffman et al., 1991; Fujita (Rhoades et al., 1990) or 2-3 hr after administering the et al. , 1993) . Similarly, the vesicular monoamine trans-5-HT uptake inhibitor, fluoxetine (Bennett-Clarke et al., porter, VMAT2, which allows the storage of monoamines 1991). Using the same experimental protocol in mouse in synaptic vesicles, has been found only in monoamipups, we observed a decrease of 5-HT immunoreactivnergic neurons in the adult CNS (Erikson et al., 1992 ; ity, although the reduction of 5-HT was clearer after Liu et al., 1992; Gonzalez et al., 1994; Peter et al., 1995) . longer delays. The discrepancy between both sets of However, some studies have reported the existence of observations may be related to a different rate of degena low level expression of the gene encoding SERT in eration of the thalamocortical fibers and to a different the adult telencephalon using reverse trancriptasepharmacokinetic of fluoxetine in rats and mice. Howpolymerase chain reaction (Lesch et al., 1993 ; Ovalle et ever, based on our other results showing high affinity al., 1995). Although these results have not been reprouptake of 5-HT and expression of the SERT and VMAT2 duced in other studies (Gé rard et al., 1996) , they could genes in the thalamus of rat pups, the general organizaindicate that SERT transcripts exist in axons of 5-HTtion of this system is likely to be identical in both species.
synthesizing neurons, in other neuronal populations, or The source of the 5-HT that is internalized in the thalain glial cells as 5-HT uptake has been demonstrated mic neurons during postnatal life has not been deterin primary cultures of astrocytes (Kimelberg and Katz, mined but is likely to be the raphe neurons. Indeed, 1985) . projections from these neurons have been demonIn the periphery, the capacity of non-serotonergic strated in the cortex of rat pups (Bennett-Clarke et al., cells to take up and concentrate 5-HT is well established. 1991) and our observations with TPOH immunocytoFor instance, platelets and medullary chromaffin cells chemistry indicate that a substantial amount of fibers are two cell categories that are well known for their with the capacity to synthesize 5-HT are present in the capacity to take up and concentrate 5-HT; all express cerebral cortex of mouse pups. Furthermore, lesions of the serotonin transporter and the vesicular monoamine the raphe nuclei or of the main ascending serotonergic transporter and store 5-HT in granules (reviewed by fiber tracts in rat pups caused a disappearance of all Henry and Scherman, 1989 ; reviewed by Rudnick and 5-HT labeling in the cerebral cortex pups (BennettClark, 1993) . Clarke et al., 1991) . We would therefore propose that
The present evidence of parallel SERT and VMAT2 5-HT that is produced in the intensely 5-HT-labeled figene expression in neurons of the rat and mouse thalabers originating in the raphe is released into the extracellular space and is subsequently taken up by thalamic mus during postnatal development shows that a similar situation occurs in non-serotonergic neurons of the CNS Possible Functional Implications of Transient Gene Expression in the Sensory Thalamus during development. Thalamic neurons of the dLGN, Somatosensory and visual thalamocortical systems are MGN, and VB are thought to be glutamatergic as they known to be highly plastic during a critical period in have been shown to contain glutamate and to transport development. For instance, alterations of the cutaneous D-aspartate (Ottersen and Storm-Mathisen, 1984; John- sensory receptors during the late embryonic period or son and Burkhalter, 1992). Responses to thalamic stimuthe first postnatal days in rodents result in permanent lation are mediated by receptors to excitatory amino structural changes of the VB thalamic neurons, both in acids both in adults (Armstrong-James et al., 1993) and the patterning of cell bodies and the organization of during development (Agmon and O'Dowd, 1992; Crair axonal terminal arbors in the cortex (Van der Loos et and Malenka, 1995) . The observation of high affinity Jensen and Killackey, 1987) . 5-HT uptake by the axons and the terminal fibers of Because this plasticity is precisely timed, it is reasonthese glutamatergic thalamic neurons shows that the able to suggest that it is controlled by developmentally expression of the gene encoding SERT produces a funcregulated factors acting on the thalamic and cortical tional protein, which is targeted to their axonal plasma neurons (Fox and Zahs, 1994) . A strong emphasis has membrane. recently been put upon the possible role of neurotrophic During early embryonic development, 5-HT appears to factors. For example, the brain-derived neurotrophic be transiently taken up in a variety of other cell locations factor receptor TrkB (Masana et al., 1993) and the nerve (Lauder, 1993) . Thus, incubation of chick (E2-E3) or growth factor-induced gene VGF (Lombardo et al., 1995) mouse (E9-E11) embryos in exogenously supplied 5-HT have been shown to be transiently expressed in the showed 5-HT-concentrating cells in the notochord, the thalamus. Neurotransmitters and their receptors have myocardium, the gut, the cranial epithelium, as well as also been proposed as likely candidates, particularly in selected segments of the neural tube (Gé rard et al., excitatory amino acids, since the different glutamate 1978; Wallace, 1982; Shuey et al., 1993) . The existence receptor subunits can assemble into receptor comof both high and low affinity uptake sites for 5-HT (Walplexes with different pharmacological and physiological lace, 1982; Shuey et al., 1993) , as well as the expression properties during development (Fox and Zahs, 1994; of SERT (Schroeter and Blakely, 1995) , was shown in Blue and Johnston, 1995; Crair and Malenka, 1995) . Fursome of these locations. Because local 5-HT synthesis thermore, blockade of NMDA receptors modifies cortiwas not found at these ages (Shuey et al., 1993) , the cal plasticity (Schlaggar et al., 1993) . Amines have also main source of the amine was proposed to be extrabeen implicated, because lesions of the noradrenergic, embryonic.
cholinergic (Kasamatsu et al., 1979 ; Bear and Singer, A morphogenetic role for 5-HT was indicated during 1986), or serotonergic (Osterheld-Haas et al., 1994; Gu these early embryonic stages, since blockade of 5-HT and Singer, 1995) systems appear to interfere with cortiuptake led to craniofacial abnormalities and delayed cal plasticity. We have recently shown that excessive neural tube closure in cultures of whole mouse embryos levels of 5-HT during the critical developmental period (Shuey et al., 1992) and altered the migration of neural cause permanent alterations of the thalamocortical procrest cells in vitro (Moiseiwitsch and Lauder, 1995) . Howjections in the somatosensory cortex (Cases et al., 1996) . ever, depending on the cell type and developmental The molecular substratum for the effects of these time period of expression of such uptake sites, the deamines could be the expression of particular amine revelopmental mechanisms that could be influenced are ceptors and transporters during the critical period. Prelikely to be different. Since ectopic uptake of 5-HT in vious reports have indeed shown the existence of tranpostnatal thalamocortical systems occurs when most sient patterns of nicotinic cholinergic receptors in the neurogenesis and cell migratory processes are termiprimary sensory cortex (Bina et al., 1995) and of serotonnated, it would be expected to have a different role ergic receptors of the 5-HT1 type in thalamocortical from 5-HT uptake in the embryonic neuroepithelium.
neurons (Bennett-Clarke et al., 1993 ; Dyck and Cynader, A possible hypothesis would be that 5-HT acts as an 1993). Acetylcholinesterase also is known to be tranintracellular signal, since it is transported back to the siently expressed in the developing thalamocortical neucell body where it could act on gene expression in the rons and appears to be regulated by activity (Kristt, thalamic neurons. Another possibility could be that 5-HT 1989). The present observation of a transient expression uptake and storage, by controlling extracellular levels of transporters related to the serotonergic system during of 5-HT, serves to regulate neurotransmission in the the postnatal period brings a new dimension to the availdeveloping thalamic neurons. 5-HT has indeed been able evidence of 5-HT and other amines as actors or modulators in the maturation of these sensory thalamoshown to modulate excitatory thalamocortical transmiscortical systems. It will be important to determine sion during development by acting on presynaptic rewhether the expression of these transporter genes is ceptors of the 5-HT 1B type. These receptors are thought regulated by neuronal activity, and whether they are to mediate an inhibitory influence of 5-HT on thalamonecessary for the developmental plasticity of the sencortical transmission (Rhoades et al., 1994) . Uptake of sory thalamocortical systems. 5-HT into axons could prevent an overstimulation of these receptors. Alternatively, internalized 5-HT could Injections in vivo were done with dextran biotin 10,000 MW (Molecular Probes). P4 pups were anesthetized on ice and placed in a P3, P7, P10, P12, P14, P16, P21, and adults), but most experiments compared the results of two representative ages: postnatal day 7, plasticine home-made mold. Using a Hamilton syringe, 0.1 l of a 10% dextran biotin solution was injected into the thalamus (same in which the transient 5-HT hyperinnervation is at its peak, and adults in which hyperinnervation has disappeared. coordinate points as for the lesions) (n ϭ 16) or in the raphe (n ϭ 5). The skin incision was closed with cyanoacrylate glue and pups were returned to their mothers. The injected pups received a clorgyImmunocytochemistry of 5-HT and TPOH line injection (10 mg kg
Ϫ1
) 18 and 2 hr before being perfused at P7. 5-HT distribution in mice was studied using a rat monoclonal antiAfter revealing the tracer with the sensitive streptavidine peroxidase 5-HT antibody (1:50 or 1:1000-1:2000 according to the batch of method (as described in the immunocytochemical protocol), the antiserum) from SeraLab. The characteristics and specificity of this cases with satisfactory injection placement in the VB (n ϭ 4) were antibody have previously been described (Consolazione et al., 1981) ; selected and processed for double staining: dextran-biotin was to test its specificity in our hands, we did immunoadsorptions of the revealed with a streptavidin-Cy3 complex (1:100, Sigma), and 5-HT antibody at a fixed concentration (1:500) with varying concentrations with fluorescein-conjugated antibodies as described above. Sec-(100-0.001 m) of 5-HT, 5-hydroxy indole acetic acid, tryptophan, tions displaying an adequate balance of both labels (n ϭ 3) were and tryptamine (all products from Sigma) and used this mixture in analyzed with confocal microscopy (Leitz Biorad). place of the primary antibody. We also analyzed 5-HT immunostaining with three different 5-HT antibodies: two commercially available polyclonal antibodies (from Immunotech, and from Monosan) and Pharmacological Treatments P7 pups were treated with different inhibitors of monoamine uptake. a polyclonal antiserum obtained by Tramu et al. (1983) . TPOH was visualized with an affinity-purified antibody (1:500-1:1000) directed
The drugs were injected subcutaneously and animals were perfused 6 hr after the drug administration: two animals were analyzed for against the C-terminal portion of the molecule (Darmon et al., 1988) , the gift of Dr. Michè le Darmon. Mice were deeply anesthetized and each drug. We used GBR12783 at 10 mg kg Ϫ1 (gift of Dr. J. Costentin), an inhibitor of DA transport, and nomifensine (RBI), 10 mg kg Ϫ1 , perfused through the aorta with 0.1 M sodium phosphate-buffered 4% paraformaldehyde. Brains were postfixed for 24 hr, cryoproto inhibit both DA and NA transport; fluoxetine (Eli Lilly), 10 mg kg Ϫ1 , and paroxetine (Beecham), 10 mg kg
, both of which selectively tected in 30% sucrose for 48 hr, frozen, and serially cut in coronal sections, 40 m thick. Sections were rinsed in PBSϩ (PBS with 0.2% block 5-HT uptake. Animals were also sacrificed 1, 2, and 3 hr after a single injection of fluoxetine. Blockade of vesicular monoamine gelatine and 0.25% Triton X-100) for at least 30 min and incubated overnight at room temperature with the primary antibodies. To increase 5-HT immunostaining in fibers, the inhibitor of monoamine oxidase A, clorgyline (Sigma), 10 mg kg Ϫ1 subcutaneously, Sigma), rinsed, and incubated for 1.5 hr in the streptavidin peroxidase complex (1:400, Amersham). After washing in Tris-buffer (0.05 was injected in some mouse pups 18 and 2 hr before perfusion. M [pH 7.8]), peroxidase was revealed in 0.02% 3,3Ј-diaminobenzidine-tetrahydrochloride (DAB, Sigma), 0.003% H 2O2, and 0.6% Uptake of Tritiated 5-HT In Vitro Nickel ammonium sulfate. Sections were mounted on gelatineMice (n ϭ 8) and rats (n ϭ 4) were sacrificed at postnatal day 7 coated slides, dehydrated, and covered in Eukitt.
and as adults. The procedure to reveal the uptake of 3 H-5-HT was Immunofluorescence was used on sections analyzed with confoessentially that described in Berger et al. (1988) . Coronal slabs (3-4 cal microscopy: sections were incubated overnight with the rabbit mm thick) including the thalamus were excised, collected in preoxypolyclonal 5-HT antiserum (1:250, Immunotech) and 2 hr in fluoresgenated ice-cold Krebs-Ringer-bicarbonate buffer, supplemented cein-conjugated anti-rabbit antibodies (1:80, Silenus), and mounted with 0.4% glucose, and cut serially to 70 m thick slices using a in glycerol/PBS (3/1).
vibratome. Slices of cerebral cortex and thalamus were princubated in Krebs-Ringer-bicarbonate containing 0.2% ascorbic acid, 10
Ϫ4
M pargyline (Sigma) to inhibit monoamine oxidase, and 5 ϫ 10 Ϫ6 M Thalamic Lesions in Postnatal Mice P3 (n ϭ 7) and P6 (n ϭ 8) pups were anesthetized by hypothermia.
noradrenaline (L-arterenol bitartrate, Sigma) to inhibit 5-HT uptake into dopaminergic and noradrenergic neurons. After a 10 min preinElectrodes (enameled nichrome, 350 m diameter, insulated except at the tip for 0.8 mm) were lowered into the thalamus, using coordicubation at 37ЊC in flat-bottom vials with 5 ml of the medium (1 ml per slice), maintained under a 92% O 2 and 8% CO2 atmosphere, the nate positions previously determined (0.5 mm anterior to the lambda, 1.2 mm lateral to the midline, and 2.5-3 mm deep to the surface). incubation proper was initiated by addition of 50 l of 5-hydroxy [G-3 H-]tryptamine creatinine sulfate ( 3 H-5-HT, 10-20 Ci/mmol, AmerContinuous current of 20 mA was passed during 30 s. P3 pups were sacrificed at P7 (4 days after the lesion) and P6 pups were sacrificed sham) to each vial at a final concentration of 7 ϫ 10 Ϫ7 M. Incubations lasted 15 min and were terminated by replacement of the medium at P8 (2 days after the lesion). After fixation, the brains were sectioned serially in the coronal plane (40 m sections). Alternate series with fixative, 3.5% glutaraldehyde in Krebs-Ringer-bicarbonate (pH 7.4) for 20 min. of sections were used to reveal 5-HT immunoreactivity, cytochrome oxydase, and Nissl. The latter stains allowed us to localize the corti-
The specificity of uptake was tested by adding different drugs to the preincubation and incubation media: pindolol (5 ϫ 10 Ϫ6 M), cal layers and to determine the extent of the thalamic lesions.
nomifensine (5 ϫ 10 Ϫ6 M), GBR12783 (5 ϫ 10 Ϫ6 M), and fluoxetine (5 ϫ 10 Ϫ6 M).
Tracer Injections in Postnatal Mice
Fixed slices were laid on gelatine chromalum-coated slides, air dried The fluorescent lipophilic carbocyanine dye 1,1Ј-dioctodecyl-3, for 5 min at room temperature, and dehydrated with P 2O5 overnight. 3, 3Ј, 3Ј-tetramethylindocarbocyanine perchlorate (DiI, Molecular
After clearing in xylene (1 hr), dipping in 100Њ ethanol, and air drying probes) was used as an anterograde axonal tracer. P0, P3, and P7 overnight at 37ЊC, the slides were emulsion-coated with NTB2 and mice were perfused transcardially with 4% paraformaldehyde. For exposed for 7-15 days before developing with D-19. injections in the raphe at P3, the cerebellum and tectum were removed and a large DiI crystal was inserted into the pons. For anterograde thalamocortical axonal tracing, at P0, P3, and P7, the brainUptake of Tritiated 5-HT In Vivo P7 rats (n ϭ 3), P7 mice (n ϭ 6), and one adult mouse were used stem was removed and DiI crystals were inserted into the thalamus. After dye placement, the brains were stored in 4% paraformaldein this part. To protect the 3 H-5-HT from degradation, animals were pretreated with clorgyline (10 mg kg Ϫ1 subcutaneously), 18 and 3 hyde in 0.1 M phosphate buffer at room temperature. Thalamic injections (n ϭ 10) were analyzed after 2-4 weeks, whereas raphe hr before. The pups were anesthetized on ice and an incision was made in the scalp overlying the hemispheres. H-5-HT, 5 ϫ 10 Ϫ6 injections (n ϭ 6) were analyzed after 3 (n ϭ 3), 6 (n ϭ 2), and 15 months (n ϭ 1). Brains were cut into 100 m coronal slices on a M, (11 Ci/mmol, Amersham) dissolved in Krebs-Ringer-bicarbonate containing 0.2% ascorbic acid was injected (0.5 l over 30 min in vibratome. Sections were stored in phosphate buffer, 0.1% azide, at 4ЊC. For examination, they were mounted on glass slides and mouse pups and 1 l over 30 min in rat pups) into the cerebral cortex using a Hamilton syringe inserted through the skull. The viewed on a fluorescence microscope. animals were perfused 1, 2, or 3 hr later with 1% paraformaldehydedeveloping visual and somatosensory cortices in rat. Neuroscience 43, 163-183. 1% glutaraldehyde in 0.1 M phosphate buffer and postfixed for 5 hr in the same fixative. The brains were embedded in paraffin wax Bennett-Clarke, C.A., Leslie, M.J., Chiaia, N.L., and Rhoades, R.W. and serial 10 m sections were mounted in albumin on uncoated (1993) . Serotonin 1B receptors in the developing somatosensory glass slides. Sections were baked at 45ЊC for 2-3 days to make and visual cortices are located on thalamocortical axons. Proc. Natl. them adhere to the slides. After deparaffinization and rehydratation, Acad. Sci. USA 90, 153-157. slides were rinsed in distilled water, air dried, and dipped in NTB2
Bennett-Clarke, C.A., Hankin, M.H., Leslie, M.J., Chiaia, N.L., and emulsion (Kodak). After 4-8 weeks of exposure, the autoradiograms Rhoades, R.W. (1994a) . Patterning of the neocortical projections were developed in D-19 developer. Alternate series were counterfrom the raphe nuclei in perinatal rats: investigation of potential stained with cresyl violet. organizational mechanisms. J. Comp. Neurol. 348, 277-290.
Bennett-Clarke, C.A., Leslie, M.J., Lane, R.D., and Rhoades, R.W. In Situ Hybridization (1994b) . Effect of serotonin depletion on vibrissa-related patterns To prepare the SERT cRNA probes, a cDNA fragment corresponding of thalamic afferents in the rat's somatosensory cortex. J. Neurosci. to nucleotides 1510-2009 of the transcript (Blakely et al., 1991) 14, 7594-7607. was amplified by PCR and subcloned into the plasmid pBluescript Bennett-Clarke, C.A., Lane, R.D., and Rhoades, R.W. (1995) . Fenflur-SKII-(Stratagene, CA, USA). The plasmid was linearized with BamHI amine depletes serotonin from the developing cortex and alters (Boehringer) for antisense RNA synthesis by T7 polymerase (Pharthalamocortical organisation. Brain Res. 702, 255-260. macia Biotech) and with EcoRI (Boehringer) for sense RNA synthesis Berger, B., Trottier, S., Verney, C., Gaspar, P., and Alvarez, C. (1988) . by T3 polymerase (Boehringer). The VMAT2 cRNA probes were synRegional and laminar distribution of the dopamine and serotonin thesized from a bovine VMAT2 cDNA insert (Krejci et al., 1993) innervation in the macaque cerebral cortex: a radioautographic cloned into pCDNA3 (Invitrogen). The plasmid was linearized with study. J. Comp. Neurol. 273, 99-119. HindIII (Appligene) for antisense RNA synthesis by SP6 polymerase (Boehringer) and with EcoRI for sense RNA synthesis by T7 polymerBina, K.G., Guzman, P., Broide, R.S., Leslie, F.M., Smith, M.A., and ase. The in vitro transcription was carried out using the Promega O'Dowd, D.K. (1995) . Localization of ␣7 nicotinic receptor subunit kit and probes were labeled with 35 S-UTP (>1000 Ci/mmol; AmersmRNA and ␣-bungarotoxin binding sites in developing mouse soham) as in Fontaine and Changeux (1989 (1991) . A comparison performed as previously described (Fontaine and Changeux, 1989) .
of pattern formation by thalamocortical and serotonergic afferents Autoradiograms were obtained by apposing the sections to hyperin the rat barrel field cortex. Cereb. Cortex 1, 380-389. film (␤ max, Amersham) for 4 days. For microscopic analysis, the slides were dipped in photographic emulsion (NTB2, Kodak) and Buznikov, G.A., and Shmukler, Y.B. (1981) . Possible role of "prenerexposed for about 12 days. After development of the emulsion, the vous" neurotransmitters in cellular interactions of early embryogensections were counterstained with cresyl violet.
esis: a hypothesis. Neurochem. Res. 6, 55-68.
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